Electromagnetic scattering from a two-dimensional groove recessed in an arbitrarily thick conducting screen is studied. The groove may be empty or loaded with a lossy material which may or may not completely fill the cavity. For the partially loaded groove, the filling material is assumed electrically dense so that the standard impedance boundary condition is applicable at the top surface of the material. Employing a full-wave analysis, integral equations are derived for the tangential components of the electric field over the aperture. It is shown that the equations are identical for both partially loaded and completely loaded (or empty) cases provided that the aperture admittance of the groove is treated as the equivalent admittance of the internal medium looking into the aperture, thus simplifying the integral equations.
Introduction
The study of electromagnetic scattering from filled cavities recessed in ground planes is important in many engineering applications because such cavities can be considered as approximate models for thin cracks in metal surfaces. At millimeter wave frequencies, electromagnetic scattering might be used in non-invasive detection and evaluation of gaps and cracks in structural systems for the purpose of failure prediction. Also, in radar signature analysis of various man-made structures, diffraction from cracks and joint openings can become a dominant mechanism in the bistatic scattering behavior of a target. Therefore, it is important to examine the effect of different geometries and material inserts on the scattering behavior of grooves.
When the operating wavelength, Ao and the aperture width of the groove, w are such that the groove is electrically narrow (w << Ao)~ certain approximate solutions have been proposed. These include the transmission line model [1] , the narrow resistive strip model based on Babinet's principle [2] , and the closed from low-frequency solution [3] . In the latter, analytical expressions were derived for the equivalent magnetic current distribution and over the aperture of the narrow groove based on a quasi-static analysis of the exact integral equations.
In the millimeter wave region, however, the above narrow-width approximations are no longer valid and a more accurate solution is required. In this paper, an exact full-wave formulation is developed for the rectangular groove problem based on the Generalized Network Theory and the equivalence principle [4] . This theory has been applied to a number of related aperture and slot problems in the past [5, 6] . In particular, we will extend the work of Auckland and Harrington who applied this theory to treat the TE transmission through a slit in a thick conducting screen. Employing the equivalence principle, the external fields are expressed in terms of the scattering integral while the fields internal to the ca~vity are given in terms of appropriate waveguide modes. An integral equation i~ then formed by enforcing continuity of tangential fields across the interface and is solved numerically via the method of moments. The problem will be formulated for general termination condit ions as well as both principle polarizations.
When the groove is fully loaded by a lossy material, the analysis may be simplified by employing the impedance boundary condi-tion [7] and simulating the groove as an impedance insert. The type and complexity of the boundary condition used depend on the material composition. For high contrast material fillings, the standard impedance boundary condition (SIBC) yields good results [8] while higher order (generalized) boundary conditions (GIBC) may be more desirable for simulating material fillings of lower contrast [9] .
The above studies treated the fully loaded cavities. For partially loaded grooves, on the other hand, the SIBC is still applicable at the top surface of the filling material provided the material can be assumed electrically dense. The range of validity for such an assumption will be discussed later. This renders a groove model with an imperfect termination and it is shown that the integral equations in this case are identical to those obtained for the completely loaded (or empty) case with an appropriate modification of the groove's aperture admittance.
Full-Wave Formulation
Consider the infinitely long groove of width 2w, and depth d illuminated by the plane wave Hi( or E i) = ze jk~176162176162176 (1) for I-I-(or E-) polarization, where ko = 2~r/Ao is the free space wave number and r is the angle of incidence (Figure 1 assumed to be filled with a lossy material of relative permittivity eb, and permeability #b, with an index of refraction Af~ = ex/~ and terminated by an opaque sheet satisfying the impedance boundary condition
where vf is the normalized admittance at the groove's floor, Yb is the intrinsic impedance of the material filling the groove, and (E, H) are the fields at the top surface of the sheet. As will be shown later, this model can be used to simulate grooves partially loaded with electrically dense material. To formulate the scattered field by the groove, the Generalized Network Theory [4] is employed. Accordingly, the aperture is closed by a perfect conductor and the equivalent magnetic current
is introduced over the aperture (equivalence principle, Figure 2 ).
Here, E is the total electric field in the aperture of the groove. The scattered fields outside the cavity are those radiated by the equivalent magnetic current and consistent with the continuity of the tangential electric field across the aperture the field inside the cavity is that radiated by
where E + denote the total electric fields just above and below the aperture. To find the equivalent magnetic current we must also enforce the continuity of the tangential magnetic field across the aperture. We thus have
where H i~ is the total field in the external region with the aperture closed, H ~ represents the external scattered field, and H b is the total field in the interior region. f
where Yo is the intrinsic admittance of the free space and F is the half space dyadic Green's function
The internal fields (those attributed to M') can be written in terms of the TMz and TEz waveguide modes as
where kb = .hfbko is the wave number inside the cavity and Zb = 1/Yb is the intrinsic impedance of the filling material. The functions ~TM and 9TE are the wave potentials both satisfying the scalar wave equation ~-~-{x2 + ~--~y2 + k~ tI'=0 (10) subject to the boundary conditions E~ = Ez = 0 , z = :t:w (11) on the cavity side walls, and
over the aperture. In addition, the potentials must satisfy the impedance boundary condition (2) on the floor and in scalar form
Below, we consider the two principal polarizations separately. which is the geometrical optics field with the aperture closed. The tangential component of the external scattered field is given by
while the internal fields are given by (8) and (9) and in this case we have (17)
In order to find useful expressions for E b and H b, we need to solve for the wave potential lkl~ TE. To this end, ~TE can be expressed as an infinite sum of orthogonal modes
where Ch are the waveguide modes all satisfying the wave equation (10) and Ap are coefficients to be found. Substituting for ~TE in (17), and using (11) and (13), the boundary conditions to be imposed are 
where ~pq iS the Kronecker delta
The function kll TE in (19) is thus completely defined and the tangential magnetic field just below the aperture may be expressed as
where the Green's function is given by 
Mz(~).

E-polarization
For E-polarization (the TMz case), we have
and the corresponding tangential scattered fields are given by
., and /_~ M~(x')a~(x;x')~x ' (37)
H2(-M~) = -~ _
To find the Green's function G ~ we note that
Following steps similar to those taken for the H-polarization case, the wave potential kI/TM i8 expressed as (48) and comparing this with (37) we deduce that 
j_~M.(x')sin[~ww(X'-w)]dx'
= T 1 + k2 ~ Ox2]/_~oMx(x')I-I(o2)(kolx -
~
M:~(x).
Clearly, (32) and (50) are both invalid when
and this occurs only when the material filling the groove is lossless. To be specific, the modal solutions fail if there exist integers p and q such that 1
This difficulty in the evaluation of the internal Green's functions may be circumvented by assuming a small loss in the material or slightly disturbing the geometry of the cavity. We also note that for the proper behavior of the field in the internal region, we must have ~e {kp} _> 0 , ~m {kv} _< 0 (54) when using (23). The integral equations (32) and (50) are solved numerically by the moment method. The discretization procedure and the expressions for the admittance matrix elements are given in the Appendix. Upon a solution of the integral equations, the scattered field in the half space z > 0 can be found from the scattering integral. In particular, for H-and E-polarizations, respectively 9 K-as is physically the casethe groove is long but finite in length, the physical optics approximation may be used to relate the three-dimensional radar cross section to the echo width (55) calculated on the assumption of infinite length. Hence, for plane wave illumination normal to the z-axis, we have r = 2( o)2 r (58)
where ~ denotes the actual length of the groove.
Unifromly filled Grooves
For a homogeneously filled or empty groove terminated by a perfect conductor, we set ~/f = 0 and find
kb
. kp yap = -3Yb~ cot kpd v~p = -3Y6~ cot kpd (59) Figure 3 shows a sample calculation of the backscattering echo width for a i0)% long empty groove based on the above formulation. The results are in good agreement with a corresponding finite element method (FEM) solution [11] .
The echo width of a 1Ao wide groove filled with a nonmagnetic material of dielectric constant e~ = 4 at normal incidence is shown in Figure 4 
EehowidLh of a Uniformly Filled Groove
Normal Incidence, H-Pol. effect in the resonance pattern is due to the dielectric losses inside the cavity. Figure 5 shows the echo width of a 0.5Ao deep groove uniformly filled with a low-loss material (eb = 2.54 -j0.01) as a function of its width for both principal polarizations. Also shown are the lowfrequency quasi-static solutions derived in [3] . It is observed that the quasi-static solutions remain valid for up to about 2w =-0.5~o and break down for wider apertures in which case the full-wave solution is required. 
Partially Loaded Grooves
The integral equations (32) and (50) may be implemented for computing the scattering by a partially loaded groove where the lower portion of the groove is filled with a dielectric material (Aff = ~). In this case, the material fills the interior region z < -d, is of thickness t, and is composed of a high contrast material (Figure 6a) . The top portion of the interior region -d < z < 0 is empty and thus kb = ko. In employing the above formulation, the material was replaced by an impedance sheet at z = -d such that (see eqn. (2))
as shown in Figure 6b . This model remains valid if [7] IXll > 1 
The first condition ensures that within the medium, the field behaves essentially as a plane wave propagating in the direction of the inward normal to the filling layer. The second condition, on the other hand, imposes the requirement that the inward traveling field suffers enough attenuation so that no outward traveling waves exit at the interface due to reflection. The computed E-and H-polarization backscattering patterns are shown in Figure 7 for t = 0.3~o, d = 0.23%, and w = )~o with the lossy filling material having relative permittivity e I = 12.5 -j2. and as seen, the results are in good agreement with the corresponding data based on the finite element-boundary integral method [12, 13] used to simulate the original groove geometry without invoking the impedance boundary condition.
Densely Packed Grooves
When the groove is perfectly loaded with an electrically dense material, it may be efficiently modeled as an impedance insert in a ground plane [8, 9] . The integral equations (32) and (50) in this case reduce to those corresponding to a direct application of the standard impedance boundary condition (2) 
p=l we arrive at the well known integral equations based on the impedance boundary condition
for H-polarization and
The above integral equations have the advantage of avoiding the summations corresponding to the calculation of the cavity Green's functions, hence simplifying the computations significantly. They can be solved by a numerical procedure such as the moment method or the conjugate gradient FFT method. Figure 8 shows the amplitude and phase of the equivalent magnetic current density, as well as bistatic and backscattering echo widths for the groove considered in Figure  7 completely filled with the same lossy material of high index of refraction. As expected, the agreement with the full-wave solution is very good.
Finally, the bistatic echo widths of a 2Ao wide, 1Ao deep groove at r = 45 ~ are shown in Figure 9 as the groove is progressively filled with a lossy material. The total depth of the groove (d + t in Figure  6 ) is kept constant. The layer thickness t, and relative skin depth 5s/t are also listed in the figure for each case.
Conclusions
The problem of scattering from two-dimensional rectangular grooves was studied using a full-wave analysis. The analysis is applicable to grooves of arbitrary width and thickness with perfect or imperfect terminations. The effect of electrically dense loading was simulated using the standard impedance boundary condition. When the groove is completely filled by a high contrast material, its scattering behavior can be represented by a direct application of the impedance boundary condition over the aperture. 
